Abstract. In reality, humans are always exposed to a combination of toxic substances and seldom to a single agent. Simultaneous exposure to a multitude of chemicals could result in unexpected consequences. The combined risk may lead to greater or less than a simple summation of the e ects induced by chemicals given individually. Here, a method is proposed for estimating the cumulative risk which is the risk associated with exposure to more than one chemical through di erent routes. The method is based on using the data to determine a suitable power transformation of the dose of each component of the mixture and tting a dose-response model to the mixture under dose-addition. Necessary and su cient conditions for the constancy of the relative potency between two chemicals in terms of the slopes of their corresponding dose-response models are derived and it is shown how the relative potency may be estimated directly from the joint dose-response model of the mixture. An example using a mixture of four chemicals is used for illustration.
Introduction
Concerns over health risks of individuals as the result of exposure to chemical compounds has been steadily growing especially over the last twenty years. Governments, regulatory agencies and international organizations have developed strategies for regulation of the use of chemicals for agricultural, commercial and industrial applications. Humans are generally exposed to mixtures of chemicals rather than a single substance. Such exposures occur through various environmental media and through multiple routes of exposure. In order to assess the joint toxicity of such complex exposures, it is necessary to develop methodologies that lead to scienti cally creditable risk assessment of chemical mixtures. For this reason, several methods have been introduced in the last decade and the problem still attracts the attention of many scientists around the world since there is still no consensus on appropriate statistical methods for mixture risk assessment. Guidelines and approaches for health risks assessment of chemical mixtures have been described in a document developed by the US Environmental Protection Agency (US EPA, 2000) . Accordingly, methods for risk assessment of chemical mixtures generally fall into two approaches. One approach is the whole mixture approach which usually involves direct evaluation of the mixture. That is, whenever possible, risk evaluation of the mixture is performed through assessment of health e ects and exposure data on the whole mixture. This task can be accomplished by utilizing data directly on the mixture, data on a su ciently similar mixture, or data on a group of similar mixtures. However, if data is not available on identical or a reasonably similar mixture, the alternative approach to risk assessment is based on the properties of individual components in the mixture. Using the component-based approach, recently Chen et al (2001) derived the dose-response function of the mixture for quantal response data and gave an estimate of the cumulative risk i.e. the risk for concurrent exposure for a group of chemicals that cause a common toxic e ect. Their method utilizes the logarithmic transformation of the dose in the dose-response function. Although both untransformed dose and its logarithm are often used in dose-response assessments, it is shown by Razzaghi and Kodell (1992) that using the Box-Cox power transformation to obtain a suitable function of the dose often leads to an improved understanding of the joint action of the chemicals. Here, therefore, we consider the problem of cumulative risk estimation in a chemical mixture and derive the dose-response function of the mixture using the Box-Cox transformation. In section 2 we describe current approaches for component-based dose-response modeling of chemical mixtures and discuss the use of Box-Cox power transformation in section 3. Sections 4 and 5 are devoted to dose-response modeling of the mixture for the purpose of cumulative risk estimation and in section 6 our methodology is illustrated through an example.
Mixture Dose-Response Models
Denote by P(d) the probability of a toxic response to concentration d of a chemical. Assuming that P(d) can be expressed by a suitable sigmoidal distribution function F such as the logistic or probit functions, the general approach to the analysis of quantal response data (Finney, 1978) is to assume that either 
where is called the relative potency of chemical 2 to chemical 1. Two chemicals are response additive, on the other hand, if they behave independently of one another, so that the body's response to the rst chemical is the same whether or not the second chemical is present. Response addition, therefore, can be described by the statistical law of independent events. Thus the joint action of the two chemicals at doses d 1 and d 2 can be expressed as
Note that since cumulative risk assessment is based on chemicals sharing a common toxic e ect arising from the same mechanism, dose addition is the more appropriate model for estimating the cumulative risk (Wilkinson et al, 2000) . Kodell and Pounds (1991) applied equations (1) and (2) for the statistical analysis of the joint action of a mixture of two chemicals using the untransformed dose and its logarithmic transformation as suggested in Finney (1978) . Razzaghi and Kodell (1992) generalized this approach by applying the Box-Cox power transformation to obtain the most suitable transformation determined by data. They show that their approach leads to a more re ned characterization of the combined e ect of two chemicals. Chen, et al. (2001) used dose addition along with the logarithm of doses to directly t the combined dose-response function for any number of chemicals in the mixture. They then calculated the cumulative risk by estimating the relative potencies between chemicals from the joint dose-response function of the mixture through addition of the doses of individual compounds. Our goal, here is to generalize their approach and instead of the logarithmic transformation of the doses of all chemicals, apply the Box-Cox power transformation to determine the appropriate transformation of the doses.
Box-Cox power transformation
Consider the following family of dose-response models
Here, the transformation on the dose is de ned by a class of transformations indexed by the parameter . This class of transformations, suggested rst by Box and Cox (1964 
That is, the relative potency between the two chemicals is constant for all dose levels. Hence, we have proved that two chemicals have a constant relative potency if and only if the ratio of the slopes of their dose-response functions is a constant. This is a more general version of the theorem proved by Chen et al (2001) and as ! 0 their result is obtained.
If, on the other hand, the relative potency between the two chemicals is not a constant, so that the dilution factor of one chemical in terms of the other chemical varies at every response level, then the ratio of the slopes of their (7) To illustrate the methodology described in this paper, we use a data set of four analgesics given by Finney (1971, chapter 6, P.104) . The experiment, rst reported in Grewal, (1951) was designed to measure relative potencies of three toxicants relative to morphine. For completeness, we present the part of data that represent typical toxicological dose-response data in Table 1 . Chen et al (2001) used this data set to illustrate their method of cumulative risk estimation. Using a 2 test, they also found that the hypothesis of constant relative potencies between the chemicals could not be rejected. Here, we adopt the SAS (1999) , the data set for the four chemicals was tted to the model (9) with r = 1 and the dose-response function given by (11). In order to estimate the transformation parameter , Draper and Smith (1998, chapter 13 P.280) suggests choosing a plausible interval around 0 and tting the model with selected values of from the interval. For each t, the residual sum of squares is recorded and a graph of the residual sum of squares against is plotted which gives the value of that produces the smallest residual sum of squares. Figure 1 displays this graph, where we see that the minimum is attained at^ = 0:09. For this value of^ , the parameter estimates with corresponding standard errors are given in Table 2 
Conclusions
In the absence of availability of data on the whole mixture, the process of risk assessment may be based on the toxic properties of the components in the mixture. The default approach for risk assessment of chemical mixtures using the component-based method utilizes the assumption that the total risk due to the mixture is simply the sum of the risk of individual components, provided that the risk associated with individual components of the mixture at the levels present in the mixture are low. By using dose addition and tting a dose-response function to the total dose of a mixture of similar components, Chen et al (2001) showed that simply adding the risk estimates of components of the mixture may lead to an erroneous estimate of the risk for the mixture. of the doses of the components, here we have proposed a generalization of their approach through the incorporation of the Box-Cox power transformation. The Box-Cox transformation enables one to determine the most appropriate concentration transformation in a general approach to modeling and analysis of quantal response data. It is believed that by using the proposed approach, a more re ned characterization of the cumulative risk may be obtained. Note that in our approach, we took a common transformation parameter in the Box-Cox model to obtain the transformed dose for each chemical in the mixture. It may be argued that ideally a di erent transformation parameter should be used for each component of the mixture. However, since our goal here is to obtain an estimate of the cumulative risk from similar chemicals, it makes sense to think that the optimal power transformation parameters for the components are close if not identical. In fact it is believed that the e ciency gained in the parameter estimation by reducing the size of the parameter space surpasses the additional accuracy obtained by taking di erent power transformation parameter for each component. Also, it is worth noting that in practice, not all components of the mixture may be similar. In that case it is often possible to break down the components of the mixture into subclasses where within each subclass the relative potency between any two chemicals is a constant. Similar to Chen, et al (2001) , our methodology can be used to determine an estimate of the cumulative risk by using equation (8) to obtain an estimate of equal e ective doses for classes with dissimilar chemicals.
Lastly, it ought to be emphasized that the procedure described in this paper only applies to mixtures with quantal responses i.e. when the toxic response of the subject is either presence or absence of the e ect. Cumulative risk estimation for mixtures with quantitative responses was recently studied in Chen, et al. (2003) , where the proposed methodology also used the logarithmic transformation of the dose. It may be useful to study the e ect of using the Box-Cox transformation to determine the most suitable power transformation of the dose in the case of quantitative responses. That problem is currently under investigation and will be reported elsewhere. 
